addresses a key question in modeling of signaling networks: How to assign the protein kinases (from the entire 521-member kinome list) that are responsible for each measurable phosphorylation event in a given cell type. In our study, we used vasopressin-stimulated phosphorylation of the water channel protein, aquaporin-2, at serine-256 as an example because of its importance to the physiology of collecting duct principal cells. We thank Prihandoko and Tobin for their thorough and well thought out summary of our paper. We write now to provide additional clarification regarding the epistemological approach, which was based on a systems biological framework rather than on reductionist principles. Understanding the two ways of doing experiments is aided by a bit of history.
(systems biology approaches), heretofore impractical, have in the 21st century become feasible. Concomitantly, statistical methodologies for analysis of comprehensive data sets have followed, e.g., the use of Bayesian statistics. Our study (2) utilized the systems approach as summarized in the next two paragraphs. The commentary (15) appeared to retell the story that we presented as a series of separately interpreted reductionist experiments, thus losing the major message of our paper, viz. that Bayes' theorem can be used to integrate multiple imperfect data sets to provide deeper, stronger conclusions than could be expected without data integration.
Our previous study in AJP-Cell (5) showed, using mass spectrometry, that protein kinases are low fidelity enzymes and when combined with prior observations (11) suggested that protein kinases gain specificity in the cell chiefly through factors that cause them to colocalize with specific substrates. From this and other studies, it was already clear that we can rely only on very general specificity constraints, basically whether they phosphorylate tyrosines or serines/theonines, and whether the latter are basophilic, acidophilic, or proline-directed. Thus, the question of what protein kinase(s) phosphorylate serine-256 of aquaporin-2 was not answerable simply by looking at the amino acid sequence surrounding it. More information was needed. To address the question, we integrated prior information from several sources using Bayes' theorem to rank all 521 kinases in the rat genome with regard to the probability that they phosphorylate serine-256 of aquaporin-2 in the rat inner medullary collecting duct (IMCD). This included data gleaned from prior large-scale (proteomic or transcriptomic) experiments in the IMCD. This Bayes' approach allowed us to utilize data, which in isolation did not answer the question, but narrowed the choices. For example, transcriptomics experiments divided the 521 protein kinase genes into those that were expressed in IMCD and those that were not detectable, and thus were unlikely to play a regulatory role regardless of kinase specificity. Use of Bayes' theorem to integrate information from many sources is not new; it was used for example to establish the conclusion that smoking is harmful to health in the 1950s (3). However, as far as we can tell, the use of Bayes' theorem to integrate multiple data sets in cell physiology is novel and it is therefore surprising that it was not explicitly discussed in the Prihandoko and Tobin commentary.
Using the Bayesian integration of prior data as a launching point, our study (2) addressed whether addition of inhibitor data could sharpen the Bayesian estimates. Protein kinase inhibitors have been used in physiology for many decades, always with tacit recognition that they inhibit multiple kinases in addition to the nominal target kinase. Now, the International Centre for Kinase Profiling (ICKP, http://www.kinase-screen.mrc.ac.uk/kinase-inhibitors) has provided profiling data for many commonly used protein kinase inhibitors. This comprehensive data set identifies which kinases are and which kinases are not inhibited by a given small-molecule kinase inhibitor, and estimates the percentage of kinase activity remaining for relevant inhibitor concentrations. The ICKP data give new life to the use of inhibitors in physiological experiments by its comprehensive nature. It allowed phosphorylation data from immunoblotting of IMCD suspensions to be integrated with prior data using Bayes' theorem, thereby significantly improving discrimination among candidate kinases involved in aquaporin-2 phosphorylation at serine-256. The overall Bayes' analysis shows that the conventional wisdom, that protein kinase A phosphorylates this site in the collecting duct cell, is not any better supported by the data than roles for several other basophilic protein kinases including calcium/calmodulin-dependent protein kinase 2␦ (Camk2d) and protein kinase B-␣ (Akt1). In fact, the top ranked protein kinase in the Bayes' analysis, calcium/calmodulin-dependent protein kinase 2␦, was shown in mass spectrometry experiments to be as potent in phosphorylating aquaporin-2 in vitro as was protein kinase A, or more so.
In summary, our paper used a systems biological approach involving application of Bayes' theorem to integrate multiple data sets. Such an approach appears to be new to cell physiology and appears to provide significant advantages for certain physiological problems such as the assignment of kinases to phosphorylation sites. We as authors recognize that the onus is on us to provide a persuasive argument for the systems approach. It may indeed be difficult for many biologists to embrace systems biology after a 100 years of reductionism. Toward that end, we invite the interested reader to view our previous writings about systems biology in AJP-Cell (8, 9) as well as recent articles by others in this journal (1, 6, 10, 13, 16) .
